Alteration in conduction from right to left atrium (LA) is linked to susceptibility to atrial fibrillation (AF). We examined whether different inter-atrial conduction pathways can be identified non-invasively by magnetocardiographic mapping (MCG).
Introduction
Conduction disturbances in the atria have a role in the genesis and maintenance of atrial fibrillation (AF). 1, 2 In the intact human heart, the conduction from the right atrium (RA) to the left atrium (LA) is known to occur through Bachmann bundle (BB), the rim of fossa ovalis (FO), and the coronary sinus ostial region (CS). 3 -9 The RA activation is oriented mainly from the right of the subject to leftward down. 4, 6, 10, 11 Similar descending activation pattern has been demonstrated in the LA. However, signal propagation in LA can be also ascending and has then been related to block in BB. 11, 12 The signal breakthrough sites in LA are in accordance with anatomic muscle bundles; 13 -16 the number, location, and thickness of which are largely variable. The anatomical bundles are known to be variable also in healthy subjects, 14, 16 but the knowledge of inter-atrial conduction is derived mainly from patients with clinical arrhythmias. In order to investigate large populations, more applicable non-invasive methods are needed. Some electrocardiographic features, such as P-wave prolongation and morphological changes in the end of the P-wave, have been proposed to represent inter-atrial conduction block and vulnerability to AF. 12, 17, 18 Recently, three vectorcardiographic atrial wave patterns were related to distinct inter-atrial conduction pathways. 9 Magnetocardiography (MCG) is a non-invasive method complementary to ECG to examine cardiac electromagnetic activity. Essential to electrical and magnetic fields is a 908 spatial angle between the fields. 19 In MCG, the currents tangential to B z component, which is perpendicular to the sensor surface and anterior chest, yield the strongest signal whereas ECG is sensitive to radial currents. Magnetocardiography may therefore show deviation from normal direction of depolarization and repolarization differently compared with ECG. 19 Consequently, currents tangential to the chest surface, as most currents in the atrial walls are, might be better detectable by MCG than by ECG. Magnetocardiography is also less affected by conductivity variations caused by the lungs, muscles, and skin. 19 Magnetocardiography has been accurate in detecting ventricular arrhythmia substrate and localizing cardiac electrical sources, 20, 21 and can also be used to analyse the direction of cardiac activation sequences. 22 Preliminary results of MCG mapping of atrial signal propagation during sinus rhythm suggested more variation in atrial activation pattern between AF patients than healthy subjects. 23 Differences were seen mainly in the later parts of the atrial complex and were hypothesized to reflect variation in the propagation of LA activation due to differences in inter-atrial conduction. To test this hypothesis, we examined the relationship between atrial activation patterns derived from MCG mapping and invasive electroanatomic activation maps.
Methods

Study population
The study included 27 patients undergoing electrophysiological study prior to catheter ablation therapy of paroxysmal AF. The presence of structural heart disease was assessed by clinical, ECG, and cardiac ultrasound examinations. Anti-arrhythmic medication was discontinued at least for five half-life times except in five patients. The study was approved by the Ethical Review Board of the institute, and written informed consent was obtained from all patients.
Intra-cardiac electroanatomic mapping
Electroanatomic mapping was performed using an electroanatomical mapping system (CARTO w XP system, Biosense Webster, Inc., Diamond Bar, CA, USA) with either a 7 Fr Navi-Star or ThermoCool catheter (Biosense Webster). A decapolar 6 Fr diagnostic catheter was placed in the CS. Three-dimensional isochronal activation maps were generated in sinus rhythm, gated to a stable CS reference signal. 24, 25 The number of registered points was 112 + 37 in LA and 71 + 18 in RA. All points and respective ECG and intra-cardiac recordings in the maps were visually inspected. Local activation time was determined as the maximum or minimum of the first sharp deflection with an absolute value over 0.1 mV of the bipolar signal at the distal electrode pair of the catheter. 9, 26 P-wave morphology was examined to ensure sinus origin. The point was rejected if the beat was ectopic, the intra-cardiac signal was ,0.1 mV in amplitude, or signs of catheter instability were seen. 5,6,9,10,24 -26 If more than one sinus P-wave morphology were seen in a recording, each was analysed separately. When double potentials were found, the first was used except when it was a low frequency far-field potential. 9 All intra-cardiac electrogram data were gathered before starting the ablation procedure. Electroanatomic maps (EAMs) of atrial activation were reconstructed by applying interpolated colour code adjustments of local activation times on recorded anatomic shape. The area of first activation in the LA was determined. Conduction through BB was assumed when the earliest activation was in upper third of LA, superior and leftward from the upper right pulmonary vein. Conduction through the rim of FO was assumed when earliest activation was within the middle third of LA, around the trans-septal puncture site. Conduction through CS region was assumed when the earliest activation was in the lowest 1 cm of LA, with activation front directing cranially. More than one electrical breakthrough site was regarded to exist when distinct conduction sites were activated within 15 ms and were separated by areas showing later activation. 10 According to the observed breakthrough sites, the patients were separated into BB, CS, FO, and combined (multisite activation) groups. The LA activation sequence was examined using both activation and propagation maps, and the direction of signal propagation was assessed visually. All electroanatomic signals were examined by two readers, and in case of discordance in breakthrough sites, consensus was reached after consulting an electrophysiologist experienced in cardiac mapping. The onset of atrial activation was determined from the 12-lead ECG as the earliest time point where the signal could be separated from the baseline. The time from onset to the latest intra-cardiac LA activation was defined as the total atrial activation time. Total LA and RA activation times were determined from intra-cardiac recordings.
Magnetocardiographic method
Magnetocardiography recordings were performed in a magnetically shielded room (ETS-Lindgren Euroshield Oy, Eura, Finland) using a multichannel cardiomagnetometer (Elekta Neuromag Ltd, Helsinki, Finland) equipped with 33 triple sensor dc-SQUID units on a slightly curved surface with a diameter of 30 cm. In each unit, a magnetometer is overlaying two orthogonal planar gradiometers, the magnetometer coil direction being perpendicular to the sensor array (z-axis). The system measures the magnetic field B z component and the spatial change of this component, the planar gradients, d(B z )/dx and d(B z )/dy.
Magnetocardiography was recorded over anterior chest, the centre of the sensor array positioned 15 cm below the jugular notch and 5 cm left from the midsternal line, in sinus rhythm over 7 min (Figure 1) . Simultaneously, the limb leads of the standard ECG were recorded. Analogue signal pass-band was 0.03 -300 Hz and sampling frequency of analogue-to-digital conversion was 1000 Hz. The data were averaged using atrial wave template and maximum cross correlation. 27 Atrial ectopic beats and excessively noisy sinus beats were rejected. If two distinct sinus P-wave morphologies were present, both were separately averaged. The onset and end of the P-wave as well as P-wave duration were automatically determined using 40 Hz high-pass filtering and a computerized algorithm as described earlier. 27 Time interval over the first 30 ms of the atrial complex was taken to represent the early part of RA activation. The time interval over 40 -70 ms after the beginning of atrial complex was chosen to represent early part of LA activation and the latter half of the atrial wave to represent the later part of LA activation. The selection of time intervals was based on previous knowledge on the atrial activation sequence. 4 -7,10,11 Integrals of the magnetic field B z component over the defined time intervals were interpolated at the sensor array plane using magnetic multipole expansion. 28 To characterize the orientation of the magnetic field, a pseudocurrent conversion was used. 29 The method is based on rotating the estimated planar gradients of the B z component by 908:
where e x and e y are the perpendicular unit vectors on the sensor array plane. The resulting arrow map provides a zero-order approximation (pseudocurrent map) for the underlying electric currents. To get a quantitative variable, the mean of the angles of the top 30% of the strongest pseudocurrents was calculated, zero angle direction pointing from subject's right to left and positive clockwise. The method is illustrated in Figure 1 and described in more detail in the Appendix. The MCG map orientations during 40-70 ms after the onset of the atrial complex and over its last 50% were compared with LA breakthrough areas in EAM in each individual. The pseudocurrent angles in MCG maps were calculated for the whole patient group and for subgroups with different breakthrough sites. In addition, in six patients, the MCG map orientation of the integral over first 30 ms of atrial depolarization complex was compared with EAM of the RA. The P-wave morphology in limb leads of the standard ECG recorded during both mappings was used to capture similar atrial activity in each EAM and MCG map pairs. 22 An example of the EAM data and MCG data in the same timescale is shown in Figure 2 .
Statistical analysis
Continuous data are expressed as mean + SD and categorical variables as numbers and proportion of positive cases in groups. Differences between the groups were examined using Student's t-test for continuous and the x 2 test for discrete variables. Coefficient of variation was used to compare measurements obtained by two different methods. Angular data are expressed as mean angle and circular standard deviation (CSD). Angular -angular correlation coefficient was used to study the relationship of the MCG map orientations, and Watson's U 2 test was used for comparison between groups. 30 A twotailed P-value of ,0.05 was considered statistically significant.
Results
Demographic and clinical data of the patients are presented in Table 1 . The mean age was 45 years and most patients were male. All had paroxysmal AF and most (89%) had no structural heart disease. In 2 patients, 2 different sinus P-wave morphologies were included resulting in total of 29 LA maps. In six patients also RA was mapped intra-cardially.
Electroanatomic maps
A single inter-atrial breakthrough site was observed in 19 of 29 maps (65%). The pathways were BB in 14 (48%), FO in 3 (10%), and CS in 2 (7%) cases by the invasive reference. In the remaining 10 of 29 cases (34%), the activation occurred through more than one pathway. Here, BB was included in six, FO in nine and CS in seven cases. The directions of activation fronts by EAM during early LA activation, evaluated visually, were mainly leftward down, i.e. descending, in the BB group, leftward up, i.e. ascending, in the CS group, and more horizontal and variable in the FO and combined groups. The main direction of activation front during RA activation was mostly leftward down as illustrated in Figure 2 .
The duration of total atrial activation by EAM was 117 + 12 ms ( Table 2 ). The earliest LA activation was detected 34 + 9 ms after the onset of atrial complex. The duration of LA activation was 84 + 14 ms. In six cases available, the duration of RA activation was 81 + 8 ms. Both atria were activated simultaneously for 49 + 12% of the total atrial activation time.
Magnetocardiographic maps
The duration of filtered atrial wave by MCG was 115 + 15 ms. The durations are shown for groups formed according to different LA breakthroughs in Table 2 . The filtered atrial wave duration and total activation time in EAM showed 5.1% coefficient of variation. The pseudocurrent direction in MCG maps over the first 30 ms of atrial complex, representing early RA activation, was mostly leftward down, with a mean angle of 438 (CSD 288). Over the time interval of 40-70 ms from the onset of the atrial complex, the mean angle was 398 (CSD 308). Over the time interval of last 50% of atrial complex, the mean angle was 38 (CSD 518). An example of MCG maps over the selected time intervals of atrial depolarization is shown in Figure 2 .
When both the early and late LA MCG maps were viewed together, three types of combinations emerged: Type 1 with both maps showing pseudocurrent orientation leftward down, Type 2 with the map over the 40 -70 ms orienting leftward down and the map over last 50% of atrial signal orienting leftward up, and Type 3 with both maps orienting leftward up. Examples of these three types are illustrated in Figure 3 .
Relationship between pseudocurrent directions and left atrium breakthrough sites
The activation fronts in MCG maps differed between subgroups allocated with regard to LA breakthrough sites in EAMs. Over the time interval 40-70 ms during the atrial complex, the pseudocurrent mean angle in the BB group pointed leftward down, more horizontally in the FO and combined groups, and leftward up in the CS group, as indicated in Table 2 and illustrated in Figure 3 . The distribution of magnetic field orientation in the BB group (n = 14) was significantly different from that in other groups (n = 15) (P , 0.02). Overlapping of the multisite breakthrough group with other groups decreased the separating power of this measure, as seen in Figure 4 .
The direction of pseudocurrent angle over the latter half of atrial complex was positive in all cases in BB group and in 2 cases of combined pathways (BB & CS and BB & FO), but negative in all other 13 maps. Also during this time interval, the distribution of magnetic field orientation in the BB group was significantly different from that in other groups (P , 0.001).
Magnetic field orientations over the initial and later part of LA activation showed high mutual correlation (angular-angular r = 0.89, P , 0.001) in cases with single breakthrough via BB or CS, but differed in cases with FO and combined breakthroughs. The combination of two LA MCG maps yielded three different types. All 14 cases of solitary breakthrough via BB had Type 1 magnetic field maps ( Table 3) . The three cases with solitary FO breakthrough had Type 2 maps and both cases with solitary CS breakthrough had Type 3 maps. In combined pathways (n = 10), Type 2 maps were found in eight cases and Type 1 maps in two cases.
Overall, by using the MCG map type as a criterion, the LA breakthrough site was correctly identified to BB, CS, and FO or combined pathways in 27 of 29 cases (93%). Only the solitary breakthrough via FO could not be separated from the combined pathways.
Discussion Main findings
The present study demonstrates that the variation in impulse propagation to the LA during sinus rhythm can be assessed noninvasively by magnetocardiography. Using the pseudocurrent pattern of the initial and later parts of LA signal, three distinct LA breakthrough sites corresponding to anatomical areas of BB, inter-atrial septum at the vicinity of FO, and the CS ostium could be separated. Judged by pseudocurrent directions in MCG maps, the signal propagation during the initial and later parts of LA activation was directed leftward down in BB breakthrough, upwards in CS breakthrough, and variably horizontal left when breakthrough area was FO or multiple breakthroughs appeared. Overall, the breakthrough sites could be classified correctly into these categories by MCG in 27 of the 29 cases (93%).
Invasive assessment of connections to the left atrium
In concordance with earlier studies, 3 -6,9 most of our patients showed conduction through BB, either as a solitary route or in combination with other routes. However, a remarkable 27% minority of patients showed none of the LA activated through the BB route. This is supported by an earlier non-contact mapping study where the BB route was not observed in 12 of 21 patients 7 as well as by a postmortem anatomic study where BB was not seen in half of the AF patients or controls. 16 The activation of LA through multiple conduction pathways was found in approximately one-third of our patients, which is in the range of 10-43% as reported earlier. 7, 9 In two of our patients, two activation routes alternated during The durations of whole atrial activation and LA activation measured in the present study were comparable with the durations of 120 + 24 and 80 + 11 ms reported by Lemery et al. 5 in AF patients treated with catheter ablation, and slightly longer than the duration of LA activation of 65 + 4 ms reported by Markides et al. 7 in lone AF patients. The LA activation started at 34 ms on average in our study, similar to earlier observations. 5 -7,11 Since RA activation is rather stable according to previous 4 -6,10,11,24 and present observations, variation during the 40 -70 ms from atrial onset apparently has the capability to reveal different patterns of the superimposed LA activation. This justifies the use of the middle part of atrial depolarization wave to analyse different LA activation patterns.
Interpreting atrial activation by magnetocardiographic mapping
In some recent works, interpolation of the current density maps, 31 or independent component of multichannel magnetic field signal, 32 on three-dimensional heart model have been used. However, the two-dimensional presentation of the pseudocurrent angle utilized in this study 29, 33 seems to represent adequately the main direction of electrical signal propagation. The findings support the concept that two-dimensional pseudocurrent map can provide an estimate of the summation of real three-dimensional atrial currents and their temporal propagation. 29, 33 It has been previously suggested that the LA breakthrough site is reflected in the LA activation pattern. 5, 7, 8, 11 In the present study, the LA activation fronts over the initial part of LA activation differed between BB, CS, and FO conduction pathway subgroups. However, the FO activation route, as solitary or in combination, could not be clearly distinguished based on the initial LA activation alone. When the information over the latter half of atrial complex was combined with that of initial LA, the MCG maps could be divided into three different types, each of which was suggestive to a certain breakthrough site. The types were specific to activation through BB and CS, but the activation through the margin of FO seems to create less distinct activation pattern. Since FO was involved in 8 of the 10 cases in the combined group, the activation through FO might confound assessment of conduction through BB. The findings are comparable to orthogonal ECG by which the single route activation through FO or BB could not be separated from multisite activation including these pathways. Overall, the findings imply that non-invasive MCG mapping can be utilized to assess conduction to the LA during sinus rhythm. Although MCG has better localizing ability compared with electrocardiography, 21 the observations nevertheless encourage to develop computational analysis of data acquired by standard or modified electrocardiographic lead sets. 9, 34, 35 With more sophisticated applications, MCG technology might provide a new means of non-invasive mapping of atrial arrhythmia foci and re-entrant circuits.
Clinical associations
The prolongation and morphological changes of P-wave have been related to inter-atrial block and propensity to AF. 12, 17, 18 In addition to inter-atrial conduction impairment, conduction barriers within the LA have been shown. 7, 8 It is also possible that collision of electrical impulses through different propagation routes may be linked to the pathogenesis of AF. Recognizing the inter-atrial conduction pathway may assist in identifying subgroups for patient-tailored therapy.
Catheter ablation of the RA septal region 36 and CS connections 37 or trans-section of the anterior LA 38 have been effective in the treatment of AF in some patients. Ablation of CS and FO areas has altered inducibility to AF in an animal model. 39 Thus, all the three inter-atrial conduction pathways seem to have relevance in generation of AF, and knowledge on atrial conduction pathways may have impact in refining methods for the ablation treatment in patients with paroxysmal AF.
Limitations
Correspondence of electroanatomic and MCG atrial mappings was examined in patients with relatively normal hearts and highly symptomatic paroxysmal AF. Conductive properties might be different in healthy subjects and when AF is associated with heart diseases. The time windows for MCG map analysis may need adjustment to cover the intended atrial compartments in markedly enlarged atria. The influence of scars to MCG maps could not be evaluated in this patient series mostly without structural heart disease. The local representativeness of recorded intra-cardiac signals is crucial for construction of the maps, especially around the postulated pathways. Registering potentials can be technically challenging in the inter-atrial septum due to far-field potentials from nearby structures. The number of patients in conduction pathway subgroups was small and therefore the performance of the technique needs to be tested in larger populations. Due to necessity to rely on visually observed direction of signal propagation in electroanatomic mapping, the authenticity of direction of atrial activation determined by MCG mapping could not be ensured. Yet, this information is not necessary for validation of the ability to identify inter-atrial conduction pathways.
Conclusions
Magnetocardiographic mapping over the frontal chest and subsequent analysis applying pseudocurrent distribution are capable of identifying different activation breakthrough sites in the LA during sinus rhythm with an adequate accuracy. This non-invasive technique may also be used for assessing inter-atrial conduction The figures represent the number of cases in breakthrough site groups. BB, Bachmann bundle; FO, rim of fossa ovalis; Combined, two or more breakthrough areas; CS, coronary sinus ostium; LA, left atrium; MCG map, magnetocardiographic map. The MCG map types refer to classification of cases based on pseudocurrent orientation during left atrial activation: Type 1, pseudocurrent angle is positive in both maps; Type 2, pseudocurrent angle is positive in the map over 40-70 ms and negative in the map over last 50%; Type 3, pseudocurrent angle is negative in both maps.
in large patient series and healthy subjects, in which the invasive measurements are not possible. Recognizing the inter-atrial conduction pathways may assist in understanding the pathogenesis of AF and identifying subgroups for patient-tailored therapy.
For calculation of the magnetic field map orientation and visualization of the measured field, the magnetic field was interpolated from the measured data using magnetic multipole expansion. 28 Magnetic multipole expansion is a series expansion of the magnetic scalar potential, analogous to the electric multipole expansion. Static magnetic field can be expressed by a scalar potential. In bioelectromagnetic fields, the rate of change is relatively low, and generally utilized the assumption of static fields is valid. Then, in source-free region, such as the sensor surface, the curl of the magnetic flux vanishes (r ÂB ¼ 0) and the magnetic field can be represented as the gradient of the magnetic scalar potential (H ¼ ÀrV m ). Because magnetic field has no sources (r ÁH ¼ 0), the magnetic scalar potential obeys the Laplace equation where A lm are coefficients for the sources inside a spherical surface and Y lm the spherical harmonic functions. We set the expansion origin at 15 cm below the centre of the sensor area (approximately at the heart). UsingH ¼ ÀrV m and the sensor geometry for all sensors, we get a set of equations for coefficients A lm . These equations can be expressed in matrix form by defining transfer matrix T and the corresponding vectorx of the multipole coefficients A lm . Then the coefficients are found from the measured signalsb m byx ¼ T À1bm : The interpolation is based on virtual sensors and composing transfer matrix T 0 for them, as explained above. The interpolated signals are then obtained asb i ¼ T 0 T À1bm : For magnetic field interpolation, a square grid of points was generated at the sensor array surface with grid constant of 0.5 cm and diameter of 26 cm. The field component B z perpendicular to the surface was interpolated at each time instant by assuming a virtual magnetometer at each grid point. Surface gradients @(B z )/ @x and @(B z )/@y were calculated as the difference of adjacent point values of interpolated B z data divided by the 0.5 cm separation.
Determining and parameterization of the magnetic field map orientation
In this work, the MCG maps were visualized and parameterized using pseudocurrent transformation, originally presented by Cohen and Hosaka. 29 Pseudocurrents are 908 rotated magnetic field surface gradient vectors,ã ¼ @ðB z Þ=@yê x À @ðB z Þ=@xê y ; that reflect the underlying source currents. We used pseudocurrent direction to determine the MCG map orientation. For each MCG map, the distribution of pseudocurrent magnitude and direction were computed, with zero angle direction pointing from subject's right to left and positive clockwise. In order to produce a robust measure of MCG map orientation and to visually assess its significance, the pseudocurrents with relative strength above 70% in each map were selected for further analysis. The orientation of the MCG map was defined as the mean direction of the selected pseudocurrents.
